ABSTRACT The virulence of two species (three isolates) of pine wood nematodes in stressed adult Japanese red and black pines was tested using an inoculation experiment. Three thousand nematodes, Bursaphelenchus xylophilus isolate ÔKa4Õ (virulent), isolate ÔC14-5Õ (less virulent) or B. mucronatus isolate ÔMÕ (less virulent), were inoculated into 15-yr-old naturally shaded and stressed pine trees planted in two separated experimental stands, in which shelterwood cutting had not been carried out after planting. The inoculation was conducted at the beginning of August 2010, and the trees were then visually examined every month for disease symptoms until February 2011. Trees that died during the experimental period were cut and brought back to the laboratory for reisolation attempts of the pathogenic nematodes. The Ka4 isolate killed all inoculated trees within one to 2-mo, whereas C14-5 and M each killed about half. The inoculated nematodes were reisolated from all the dead trees and some of the surviving ones. These results corroborated those of previous research by using small saplings (i.e., that less virulent nematodes can kill shaded (stressed) trees). Further, a feeding preference experiment using their vector beetles, Monochamus alternatus Hope, showed that both healthy and stressed trees are at equal risk of being used by beetles and hence of getting infected by the nematodes. Therefore, pine wilt disease in shading-stressed trees is assumed to occur in susceptible pine trees in natural pine stands. The dead tree is used by insects as an oviposition resource.
The occurrence of pine wilt disease (PWD), the most serious forest pest in east Asia, is regulated by three factors: the pathogenicity of the Bursaphelenchus nematodes, the susceptibility of the hosts (Pinus trees), and the feeding behavior of the vector beetles, Monochamus spp. In the disease cycle, 1) vector beetles harboring the nematodes in their tracheal system feed on the bark of twigs of susceptible trees, by which they transmit (inoculate) the nematodes; then 2) nematodes invade and kill the trees because of their pathogenic nature. 3) Beetles then return to the dead or dying trees to oviposit on their trunks, and 4) the next generation of beetles carries the nematode population through to the next infection season (e.g., Mamiya 1983 , Kobayashi et al. 1984 , Vicente et al. 2012 .
The occurrence and progress of pine wilt also is affected by environmental conditions. For example, high temperatures, drought, and shortage of sunlight (shading) accelerate the disease symptoms; however, low temperatures and high soil humidity sometimes suppress expression of the symptom (e.g., Kaneko 1989 , Kawaguchi et al. 1998 , Bergdahl and Halik 1999 , Braasch 2000 .
Pine wood nematode is a typical invasive pathogen originating in North America that causes serious disease in east Asia and Europe with its strong virulence (e.g., Nickle et al. 1981 , Mota et al. 1999 , Mamiya 2004 , Vicente et al. 2012 ). However, not only the strongly virulent invasive nematode species B. xylophilus (Steiner & Buhrer), but also less virulent nematodes (e.g., B. mucronatus Mamiya & Enda, the closest relative of B. xylophilus native to East Asia and Europe), sometimes cause the wilting symptoms in susceptible trees weakened by unfavorable environmental conditions. For example, Braasch et al. (1998) and Braasch (2000) demonstrated that B. mucronatus shows strong virulence, causing 100% mortality in P. sylvestris seedlings at high temperatures, drought conditions or both; and Kanzaki and Futai (2006) demonstrated that B. mucronatus can kill 65% of shaded seedlings of Japanese red pine (Pinus densiflora Siebold & Zucc.). Based upon these results, we hypothesized that less virulent nematode isolates of PWN can kill weakened trees in the Þeld and produce oviposition resources for their vector insects (i.e., there could be a facultative population mutualism between less virulent nematodes and their vectors in their natural distribution range, although the relationship and beneÞts to both nematodes and vectors are not as clear as in a typical PWD system). However, most of the studies concerning the virulence of Bursaphelenchus spp. were conducted on artiÞcially stressed seedlings (Ͻ5 yr old), so these results need to be conÞrmed using naturally stressed older trees. The feeding preference of the vector insects has not hitherto been studied; for example, the insects might favor only healthy trees as feeding resources.
In the current study, to measure the ecological roles of less virulent nematodes in the Þeld, we experimentally examined 1) the virulence of less virulent Bursaphelenchus species: speciÞcally, isolate ÔC14-5Õ of B. xylophilus and isolate ÔMÕ of B. mucronatus, on naturally stressed (shaded) 15-yr-old pine trees; and 2) the vector beetleÕs feeding preferences by using shaded and unshaded P. densiflora.
Materials and Methods
Experimental Sites and Inoculated Trees. The inoculation experiment was conducted in two 15-yr-old stands of pine, consisting of Japanese black pine (Pinus thunbergii Parl.) and Japanese red pine (P. densiflora), respectively. The stands were at Ϸ50-m distance from each other, in the experimental Þeld of the Forestry and Forest Products Research Institute (FFPRI), Tsukuba, Japan. Shelterwood cutting had not been carried out after plantation. The relative illumination intensities of these two sites compared with bare land (4324 lx in lightly and uniformly overcast condition in August) were 38% (1651 lx: outside the stand) and 6% (248 lx: inside) for Site 1 (lightly shaded) and 36% (1495 lx: outside) and 3% (130 lx: inside) for Site 2 (strongly shaded). The soil type and soil pH of these sites are mostly identical to each other (i.e., Silandic Andosol) (IUSS Working Group WRB 2007)and soil pH was Ϸ5Ð 6. The planted pines thus compete for light, and some of the trees planted inside the stand show growth inhibition.
To conÞrm the natural elimination of shaded trees, trees showing growth inhibition were marked in the summer of 2009, and observed every month until the beginning of experiment. Although initially 27 P. thunbergii and two P. densiflora at Site 1, and 18 P. thunbergii and 14 P. densiflora at Site 2 were marked, several died during the winter (December 2009 to March 2010), leaving 20 P. thunbergii and two P. densiflora at Site 1, and 13 P. thunbergii and nine P. densiflora at Site 2 available for the experiment. The details of the experimental design are shown in Tables 1 and 2 .
Nematode Materials and Inoculation Conditions. Two species (three isolates) of nematodes, B. xylophilus isolate ÔKa4Õ (strongly virulent), C14-5 (less virulent: see Takeuchi (Botryotinia fuckeliana Whetzel), grown on a Potato Dextrose Agar (Nissui Co., Tokyo, Japan) plate for 2 wk , then prepared as a distilled water suspension containing 1,500 mixed-stage nematodes per 100 l. The 200 l of nematode suspension (3,000 nematodes) or 200 l of distilled water (negative control) were inoculated into the shaded trees on 5 August 2010 by using a methodology developed by Futai and Furuno (1979) .
For positive controls, 3,000 individuals of above three isolates were inoculated into 5-yr-old seedlings of both two species of pines planted on bare land. Five individual seedlings were used for each nematodetree treatment.
Observation of Symptoms and Nematode Reisolation. The inoculated trees were observed for external disease symptoms every month until the end of Feb- (Kasumigaura, Ibaraki, Japan) in September 2010. The logs were kept in a wire mesh cage placed in FFPRIÕs experimental Þeld in Tsukuba, Ibaraki, Japan until the early summer of 2011. From May to June 2011, the beetles that emerged were collected and individually enclosed in a small (300 ml) plastic cage, and fed for 2 wk before the experiment. Individual beetles that survived for 2 wk were regarded as healthy (not genetically disabled or infected with pathogens), and used for the following experiment.
Six males and six females were selected arbitrarily from the population and transferred to a larger (800 ml) plastic cage, with two P. densiflora twigs, each Ϸ15 cm in length and Ϸ1.0 cm in diameter, one taken from a weakened tree at Site 2, and the other from outside the stand, and kept at room temperature (Ϸ25ЊC) for 48 h. Thereafter, the feeding areas marked on the twigs were calculated and compared between shaded and unshaded twigs by using the Wilcoxon signed-rank test. The experiment was repeated twice with the same design by using different beetle individuals.
Results
Nematode Virulence on Shaded Trees. The results for shaded sites are shown in Tables 1 and 2 . The virulent B. xylophilus isolate, ÔKa4Õ killed all inoculated trees within 1 mo of inoculation, whereas the mortality because of the other two isolates varied among tree species and experimental sites. In the Þrst month of the experimental period, the less virulent B. xylophilus C14-5 killed 20 and 80% of P. thunbergii at Site 1 (lightly shaded) and 2 (strongly shaded), respectively, and B. mucronatus M killed none of P. densiflora and 17% of P. thunbergii at Site 1 and all of P. densiflora and 40% of P. thunbergii at Site 2. Then in the next month (2 mo after inoculation), another individual of P. thunbergii inoculated with C14-5 was killed in Site 1. Thereafter, none of the trees died during autumn to early winter (October to next January), but several more trees died during the middle winter (January 2010 and the end of February 2011). The mortality reached to 33% in the negative controls and to 80% in C14-5 inoculated P. thunbergii at Site 1. In site 2, the mortality reached to 67% in negative control P. thunbergii, and all P. thunbergii inoculated with C14-5 or M died.
In the positive control treatment (trees planted in bare land), "Ka4" killed all inoculated trees within 1 mo of inoculation, whereas none of the trees inoculated with "C14-5" and "M" showed any external symptom during the experimental period.
The inoculated nematodes were successfully reisolated from all the trees that died during the experimental period, and from two surviving P. thunbergii that had been inoculated with C14-5 and M at Site 1. The nematodes were not reisolated from the other surviving trees.
Feeding Preferences of the Vector Beetles. The average feeding areas (cm 2 ) on healthy and shaded twigs, as average Ϯ SD (min.Ðmax.) were 1.8 Ϯ 1.8 (0 Ð5.9) and 5.9 Ϯ 3.6 (1.2Ð13.1), respectively, for the Þrst experiment, and 2.8 Ϯ 2.4 (0.1Ð7.0) and 2.0 Ϯ 1.7 (0 Ð 4.2) for the second experiment. There were no signiÞcant differences in feeding areas between healthy and shaded twigs (P Ͼ 0.01 in both replicates).
Discussion
The pathogenicity of the "less virulent" nematodes in naturally shaded adult trees was conÞrmed in the current study (i.e., the "less virulent" nematodes can kill only shaded and stressed trees). The mortality varies from 17 to 100% in P. thunbergii and 0 Ð100% in P. densiflora. These results generally were consistent with those of previous studies conducted using pine seedlings (Kanzaki and Futai 2006) . The degree of shading also seems to affect the expression of the disease (i.e., the host mortality in P. thunbergii-C14-5 treatment and P. thunbergii-M treatment at the less shaded Site 1 versus the more shaded Site 2 was 80% versus 100% and 17% versus 100%, respectively, and that for the P. densiflora-M treatment was 0% versus 100%). Further, excluding winter mortality, which is assumed to be caused by natural competition, the mortality in Site 1 (less shaded) and Site 2 (more shaded) are 40% versus 80% for P. thunbergii-C14-5 and 17% versus 40% for P. thunbergii-M.
Based upon the present positive results (i.e., some of the shaded trees were obviously killed by the less virulent nematodes), we conclude these nematodes to be facultative pathogens in the natural forest, where they work as a kind of starter of decomposition (i.e., the nematodes supply the substrates to primary decomposers and support the nutrition cycle), by killing only weakened hosts.
Because we used naturally shaded host trees from 15-yr-old stands, where the condition of the materials is affected by natural conditions, the numbers of samples in each treatment were small and uneven, making them insufÞcient for a full statistical analysis. Although it would not be easy to obtain sufÞcient number of materials, repeated experiments are necessary in the future in different localities and using different tree species to arrive at a precise measurement of the susceptibility of shaded trees to attack by these "less virulent" nematode isolates.
To complete the disease cycle, several (at least the following two) biological interactions are necessary: 1) the vectors need to harbor and transmit nematodes to the appropriate (weakened) hosts (i.e., the vectors have to feed on weakened hosts); and 2) the nematode have to kill the trees and propagate to maintain their population inside the dead tree.
In the current study, the inoculation experiment conÞrmed the second condition (i.e., the nematodes that killed the shaded trees were reisolated from the dead trees; i.e., they could maintain a population reservoir in dead trees.
In the second experiment, we examined the feeding preference of the vectors, and found that the vector beetles feed equally on both healthy and stressed twigs. We thus conclude that the vectors have no strict preference for healthy trees (i.e., the experimental results satisÞed the Þrst condition).
The "less virulent" nematode, B. mucronatus, originally was isolated from M. alternatus (Mamiya and Enda 1979) , and often is isolated from M. salturius (Gebler) in the Þeld (Jikumaru and Togashi 2000, 2001) , although the efÞciency of association (number of nematodes per individual insect) is lower than that of B. xylophilus (Jikumaru and Togashi 2003, 2004) . Further Þeld and experimental observations of the association between vector beetles and less virulent nematodes (e.g., number of nematodes associated with each beetle individual and isolation of nematodes from dead) (or possibly killed) stressed trees may corroborate the Þnding in the current study.
The decline of shaded trees showed a characteristic pattern (i.e., less virulent isolates killed the trees during PWD season as the strongly virulent isolates do, and natural deaths occurred during winter). This pattern is interesting, because each insect group has preferences as to the condition of dead trees. Monochamus beetles prefer newly dead tree or dying trees, and oviposit between July and September (reviewed by Togashi, 2008) . Therefore, trees that die in winter (naturally dead trees) are not suitable oviposition resources, but trees killed during the PWD season may be. The pathogenicity of native nematodes to native hosts might have been an important biological factor in producing a suitable oviposition resource in the appropriate season for their vector beetle, that maintains their population mutualism. The inoculation in the current study was conducted rather late season of infection (August), and the infected trees died in the end of the season (September), although those are still available for oviposition of current-year insects. The inoculation in the earlier season could have yielded higher mortality, because the high temperature accelerates the disease development (e.g., Bergdahl and Halik 1999, Braasch 2000) . Another inoculation experiments in the different seasons may help measure less virulent nematodesÕ contribution to their vector beetlesÕ reproduction.
